NMR is one of the most effective analytical instrumentations to elucidate the dynamic nature of organic molecule in solution. 1, 2) Other instrumental analyses such as MS and Xray help to reveal the role of hydrogen bonding in solution which are of great importance in the field of biology and organic chemistry.
triangle), are represented in lines B and D. The least-squares result to determine each calibration profile is listed in Table  2 . M cal , V cal and D obs used in these experiments are shown in Table 3 .
The high profile fitting, observed in line C (R 2 ϭ0.99) when comparing the least-squares lines A and C, suggests that the molecular volume might be critical to determine diffusion coefficient. A shift of least-squares lines in both line pair, A-B and C-D indicates a reduction of the diffusion coefficient. This strongly suggests that for these steroid compounds the formation of intermolecular hydrogen bonding in solution makes the molecules large enough to resist diffusion in solution. In the case of least-squares lines C and D (yϭax Ϫk ), the inclination (k) of both lines are almost identical. The k values in line C and D are Ϫ0.65 and Ϫ0.63, respectively. This is corroborated by the presence on line C (Fig. 2b ) of 1 and 8. The two compounds show no intermolecular hydrogen bonding in solution. On the other hand, the other steroid compounds, which possess hydroxyl group(s), are clearly located line D (Fig. 2b) indicating the formation of intermolecular hydrogen bonding. Although CSI-MS measurement in solution suggests that the observed diffusion coefficient D obs may vary on the number of hydrogen bonding, the actual observed D obs value determined from the diffusion studies diminished constantly without correlation on the de- Type of spectrum
creasing number of hydrogen bonds. The crystal structures of the twelve steroid compounds have been elucidated in order to confirm the formation of intermolecular hydrogen bonding in the solid state, see Fig. 3 . Hydrogen bonding in crystals are represented by dotted line. Methanol molecules are observed in the crystal packing of 4, 5 and 12. Strong hydrogen bonds are formed between methanol and the corresponding steroid molecule (4, 5, 12) . Solvent molecule is not observed in the other crystals. 3 and 10 have two hydroxyl groups in backbone. 10 forms one-dimensional chain structure while 3 exhibit two-dimensional hydrogen bonding network. CSI-MS spectra of these two compounds are found to be quite different from each other, suggesting different cluster structure in solution. Compound 12 which formed dimeric cluster in the crystal belonged to type B classified based on CSI-MS analysis. Hydrogen bondings are observed in every hydroxyl groups of the steroid compounds. It is found that the hydroxyl group, which plays important donor roles in hydrogen bonding, might form hydrogen bonding in solution in most cases. However, no hydrogen bonding between methanol and carbonyl group is observed, methanol being a good proton acceptor.
In conclusion, formation of hydrogen bonding in steroid compounds in diluted solution is observed by using PFG NMR, CSI-MS and X-ray analysis. By NMR diffusion stud- ies, clear least-squares lines shift of observed diffusion coefficient vs. molecular weight and volume comparing reference compound and steroid compound definitely prove the formation of cluster of these compounds in solution. However this result obtained from the diffusion study only characterizes the cluster formation of the steroid compound, because an averaged molecular state is observed in solution in the case of NMR measurement. Quantitative study to prove the existence in solution of weak hydrogen bond interactions is performed by CSI-MS measurement where in the solid state, Xray structure analysis is used.
Experimental
All the steroid compounds (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) were measured at the following conditions.
NMR diffusion experiments were carried out on a JEOL JNM LA-600 spectrometer. The measurement conditions were as follows: pulse sequence, bipolar-pulse-pair stimulated-echo (BPP-STE), data size 32k, spectral width 6500 Hz, gradient length 0.8-1.5 ms, diffusion time 100-110 ms, recycle delay 7.5 s, solvent CD 3 OD : D 2 Oϭ98 : 2, temperature 10°C, sample concentration 10 mM. The gradient strength was varied 15 steps to 30 Gauss/cm. D obs were measured after 1 h at 10°C for stabilization and by using 3 mm I.D. sample tube due to the decrease of the solution by thermal convection. The volume of the electron density isosurface was determined after optimizing the molecular geometry using MOPAC with PM3 parameters on CAChe WorkSystem Version 5.02.
CSI-MS measurements were performed with a sector (BE) mass spectrometer (JMS-700, JEOL) equipped with a CSI source. Typical measurement conditions are as follows: ionization mode positive CSI, acceleration voltage 5.0 kV, needle voltage 0 kV, orifice voltage 40 kV, sample flow rate 8 ml/min, solvent CH 3 OH : H 2 Oϭ98 : 2, sample concentration 10 mM, spray temperature Ϫ20°C, resolution (10% valley definition) 1000.
X-Ray crystallographic diffraction data were obtained on a Bruker SMART 1000 CCD diffractometer with graphite-monochromated MoKa radiation. The structures were solved by direct method and refined by full-matrix least-squares method. All non-hydrogen atoms were refined anisotropically. All calculations were performed using the teXsan crystal structure solution software package. Single crystals were obtained by recrystallization from methanol solution at room temperature.
All steroid compounds were purchased from Tokyo Kasei Kogyo Co., Ltd. Reference compounds in diffusion studies were also commercially available. All reagents were used without purification. 
